HIV type-1 (HIV-1) non-nucleoside reverse transcriptase inhibitors (NNRTIs) are key drugs of highly active antiretroviral therapy (HAART) in the clinical management of AIDS/HIV infection. NNRTI-based HAART regimes effectively suppress viral reproduction, are not cytotoxic and show favourable pharmacokinetic properties. Firstgeneration NNRTIs suffer the rapid selection of viral variants, hampering the binding of inhibitors into the reverse transcriptase (RT) non-nucleoside binding site (NNBS). Efforts to improve these first inhibitors led to the discovery of second-generation NNRTIs that proved to be effective against the drug-resistant mutant HIV-1 strains. The success of such agents launched a new season of NNRTI design and synthesis. This paper reviews the characteristics of second-generation NNRTIs, including etravirine, rilpivirine, RDEA-806, UK-453061, BIRL 355 BS, IDX 899, MK-4965 and HBY 097. In particular, the binding modes of these inhibitors into the NNBS of the HIV-1 RT and the most clinically relevant mutant RTs are analysed and discussed.
HIV is the causative agent of AIDS and infection, characterized by loss of helper T-lymphocytes and heavy damage to lymphatic tissues. In 2007, people living with HIV were an estimated 33 million, and there were 2.7 million new HIV infections and 2 million HIV-related deaths at the same time [1] .
Clinical management of AIDS and HIV relies on the administration of chemotherapeutic agents because an effective vaccine has not yet been developed [2] . The US Food and Drug Adminstration (FDA)-approved HIV drugs fall into the following categories: nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs) [3, 4] , viral entry inhibitors [5] , the new entry inhibitors (for example, the CCR5 coreceptor antagonist, maraviroc) and the integrase inhibitors (for example, raltegravir) [6] ( Table 1) .
The NRTI zidovudine (AZT) became the first drug to be approved for the treatment of AIDS and HIV infection in 1987 [7] ; however, it was soon evident that the NRTIs, even in combination, could produce only transient viral suppression. In 1995, an effective reduction of viral infection was observed by combining a PI with two NRTIs into the highly active antiretroviral therapy (HAART) [8] . Later, NNRTI-based HAART showed similar effectiveness. Over the past decade, HAART has gradually improved its efficacy by combining drugs from different antiretroviral classes [9] . In 1997, the fixed-dose combination of two NRTIs became the backbone of HAART (the first HIV regimens required taking as many as 18 pills daily). During 2006, the first cross-class combination containing an NNRTI and two NRTIs (one pill per day) was approved in the US [6] . HAART effectively reduces symptoms and prolongs survival of AIDS patients [10, 11] ; however, HAART fails in eradicating the massive viral multiplication (>10 9 virions daily) and long-term drug administration favours the emergence of both drug-resistant mutant HIV type-1 (HIV-1) strains and unwanted side effects [12] .
Reverse transcriptase
The enzyme reverse transcriptase (RT) catalyses the synthesis of proviral DNA from RNA retroviral genome [13] using three distinct activities: RNAdependent DNA polymerization (RNA reverse transcription) by means of a cellular lysine transfer RNA primer, which generates an RNA-DNA hybrid; RNase H degradation of the original template strand leaving a single-strand DNA; and DNA-dependent DNA polymerization to form double-stranded DNA. The RT is a heterodimeric macromolecule formed by the subunits p66 and p51 [14, 15] . The p66 subunit contains the RT catalytic core and resembles a right hand with fingers, palm, thumb and connection subdomains [15, 16] (Figure 1 ). The p51 subunit shows the same p66 domains, but it plays only a structural role and is deprived of any catalytic activity. During catalysis, the p66 thumb [15] moves onto the finger subdomain [17] , allowing the nucleic acid shift and elongation by binding a dNTP unit. The NNRTIs act as non-competitive allosteric inhibitors binding to a hydrophobic pocket, the non-nucleoside binding site (NNBS) located in the p66 palm subdomain close to the catalytic site [18, 19] .
Non-nucleoside reverse transcriptase inhibitors
Nevirapine (1; Viramune; Boehringer Ingelheim) was approved by the FDA in 1996 for use in combination with NRTIs in adults with HIV infection. Nevirapine was followed by delavirdine mesylate (2; Rescriptor; Pharmacia & Upjohn) and efavirenz (3; Sustiva; DuPont) in 1997 and 1998, respectively. In the same period of time, 1-[(2-hydroxyethoxy)methyl]-6-(phenylsulfanyl)thymine (HEPT; 5) [20, 21] and 4,5,6,7tetrahydroimidazo[4,5,1-jk] [1, 4] benzodiazepin-2(1H)-one and -thione (TIBO; 6) [22, 23] were also discovered, introducing the era of NNRTIs (Figure 2 ). Following HEPT and TIBO [24] [25] [26] derivatives, dipyridodiazepinone (1) [27] [28] [29] [30] , bis(heteroaryl)piperazine (BHAP; 2) [31] [32] [33] [34] [35] and pyridinone [36, 37] derivatives were soon discovered. Etravirine (ETV; 4; TMC-125, Intelence; Tibotec) is the newest NNRTI approved by the FDA in January 2008 for treatment in drug combination of HIV-1-infected individuals for whom NNRTI-based therapies have failed ( Figure 3 ).
The research into new NNRTIs rapidly boomed [38] [39] [40] [41] [42] [43] [44] and led to the identification of approximately 30 classes of structurally unrelated HIV-1 inhibitors. Representative NNRTI classes are imidazole (capravirine; 7) [45] , thiourea (HI-236; 8) [46] , pyrido [1,2-a] indole [47] , 3,4-dihydroquinazolin-2-(1H)-ones (3 [48-52] ; and DPC082 and DPC083 [10] analogues [53, 54] ), phenethylthiazolylthiourea (PETT; 10) [55, 56] , cyclopropyl urea-PETT (11) [57] , thiocarboxanilide (UC 781; 12) [58, 59] 
Non-nucleoside reverse transcriptase inhibitors in highly active antiretroviral therapy
NNRTIs ameliorate the therapeutic outcome of AIDS therapy when combined with other NRTIs, NNRTIs or PIs [81] . The current HAART for the treatment of adult AIDS/HIV-infected individuals recommend three (preferred) or four drugs selected from NRTI, NNRTI and PI classes. Standard HAART is based on combinations of two NRTIs with an NNRTI or PI (drug combinations of only NNRTIs and PIs are not recommended) [82] . Both NNRTI-and PI-based HAART regimes show acceptable effectiveness in first-line AIDS/HIV treatments; however, NNRTI-based regimens are preferred because of significantly better viral suppression [83] , reduced cytotoxic effects and better pharmacokinetic properties [84] ( Table 2 ). The major limitation of the NNRTIs in clinical use is the selection of mutations that hamper the binding of the inhibitor to the RT. A single amino acid mutation in the NNBS is sufficient to induce resistance to 1 or 3 [85, 86] . Cross-resistance might rise by forming contacts with the same residues of the NNBS. The need for new therapeutic agents that are able to overcome resistance and safety problems prompted the development of new NNRTIs. ETV (4) was the first second-generation FDAapproved NNRTI. The work presented here reviews the characteristics of representative second-generation NNRTIs, 4, 15, 16 and 19-24, with particular emphasis on their binding modes into the NNBS of the HIV-1 RT ( Figure 2) . The development of a number of NNRTIs with promising in vitro activity has been frozen because they have proved to be ineffective or unsafe. To our knowledge, development of DCP 083, capravirine, emivirine, loviride and dapivirine (TMC-120) has been suspended [87, 88] . The development of (+)-calanolide A is ongoing in the clinical phase [88] .
Etravirine
Compound 4 shows potent in vitro activity against HIV-1 wild type (WT) as well as against numerous NNRTI-resistant strains [89] . It acts principally by direct binding to the RT, thus inhibiting polymerase activity [90, 91] . The RT inhibition was not affected significantly by mutations in the NNBS. As proof of concept, the inhibitory concentrations against the HIV-1 K103N, Y181C, Y188L and K103N/Y181C mutant strains were <2.6× superior to that against WT [91] . In addition to the anti-RT activity, 4 might also have other inhibitory effects, for example, enhancing the intracellular processing of gag and gag-pol polyproteins, which is associated with a decrease in viral particle production [92] ( Figure 4 ). The discovery of 4 was well described by Das et al. in 2004 [93] . A lead optimization programme at Janssen Pharmaceutica led to the discovery of TIBO and α-anilinophenylacetamide (α-APA) NNRTI classes [94] . The X-ray crystal structures of TIBO tivirapine (25) and α-APA loviride (26) in complexes with the WT HIV-1 RT, and 25 with the Y181C mutant, provided structural information on the binding mode of such derivatives into the NNBS of the RT [95] [96] [97] . Both 25 and 26 were shown to adopt a similar active conformation [96] , as observed for other first-generation NNRTIs (that is, 1), which are characterized by two π-systems arranged in a 'butterfly-like' orientation and an additional lipophilic region between the two wings ( Figure 4 ) [98] .
Chemical modification of the α-APA series led to imidoyl thiourea (ITU) analogues (R100943; 27) [99] , where the side wings of the 'butterfly-like' model are connected through an extended linker. ITU derivatives are endowed with a greater flexibility than their parent α-APA compounds. In contrast to the 'butterfly-like' conformation displayed by TIBO, α-APA and 1, the RT-bound conformation of the ITU 27 resembles a 'U' or 'horseshoe' [93] . Superposition of 26 to the HIV-1 RT/27 complex showed some significant differences [93] (Figure 4 ).
The DATA NNRTIs were obtained by intramolecular cyclization of the thiourea moiety of ITU derivatives [100] . Similarly to ITUs, DATA derivatives inhibited the HIV-1 WT at nanomolar concentrations, adopting a 'horseshoe' active conformation. The structure of 28 complexed with the HIV-1 RT usefully represents the structure for the RTbound DATA complexes [93] . Replacing the 2,6-dichlorophenoxy wing of 28 with a 5-chloroindol-4-ylmethyl moiety provided R120393 (29), a compound designed to form additional interaction with the side chain of the highly conserved Trp229 (mutation of Trp229 seriously compromises the RT activity) [101, 102] . The crystal structure of the HIV-1 RT/29 complex showed that this DATA analogue assumed a 'seahorse' active conformation [93] ( Figure 5 ). The indole ring of 29 was positioned deeply in the NNBS of the RT (2 Å deeper than the wing I of other DATA analogues), forcing the triazine ring in a 3 Å deeper position, whereas the usual interaction with the carbonyl oxygen of Lys101 was broken. Crystallographic studies suggested that 29, similar to other DATAs, adopts multiple binding conformations. In principle, such a flexibility might provide an advantage in overcoming viral drug resistance. Replacement of the central triazine of DATA analogues with a pyrimidine resulted in the DAPY series. DAPYs proved to be more potent than DATAs when tested against a broad spectrum of resistant mutants. Crystallographic studies showed that 4 (as well as TMC120) in complex with the HIV-1 RT adopted the 'horseshoe' binding conformation [103] . Both DATA and DAPY structures allow rotational (from changes in torsion angles τ1, τ2, τ3 and τ4; Figure 6 ) and translational shifts inside the NNBS of the HIV-1 RT (the τ1 and τ2 angles can rotate without any significant energy variation). The dynamic adaptation of DATA and DAPY analogues into the NNBS of the HIV-1 RT might explain their ability to inhibit HIV-1 RT carrying resistance mutations.
The hypothesis of the multiple binding mode of 4 to the HIV-1 RT was consistent with the X-ray lowresolution diffraction as a result of the coexistence of >1 RT/4 complex conformations. Principal component analysis studies [103] also predicted a negligible difference of only 1.2 kcal/mol between the two lowest energy RT-bound 4 conformations [104] . In the principal pose of the K103N RT/4 cocrystal structure, the central pyrimidine ring of 4 is positioned between the side chains of Leu100 and Asn103 and, similar to 3, it forms favourable protein-ligand van der Waals interactions [105] . Simulations of molecular dynamics supported the hypothesis that the molecular flexibility allows torsional changes (wiggling), reorientation and repositioning (jiggling) of 4 into the NNBS of the RT [106] . The flexibility and easy conformational interconversion might help to explain the effectiveness of DAPY series against drug-resistant mutations ( Figure 6 ).
Binding mode analysis of 4 into the NNBS of the RT highlighted some interactions common to other NNRTIs and a number of additional interactions [107] . Compound 4 formed an H-bond with the Lys101 backbone carbonyl; another H-bond occurred between the N1 amino group of Lys101 and the pyrimidine C6 amino nitrogen. An additional H-bond was predicted to occur between the C6 amino group and the carboxylate of Glu138 of the p51 subunit. The ether and amino linkages of the two cyanophenyl substituents provide sufficient flexibility to allow . Molecular modelling studies [107, 108] showed that in the L100I mutation, 4 retained all key stabilizing interactions and the H-bonds with Lys101 and Glu138 showed similar lengths as in the WT RT. The weaker interaction with Tyr181 caused a little decrease of the antiviral potency against the Y181C mutation (the same was also observed for 3), although π-stacking interactions with Tyr188 occurred [109] . The H-bond of 4 with Lys101 was not affected by the K103N mutation within 1.76 Å of H-O bond length (in the case of 3, the K103N the mutation abolished the same contact). All the other favourable interactions were retained. The ether linkage of 4 produced molecular flexibility, which allowed stable binding interactions to the Y188L mutation.
In vitro, compound 4 inhibited, at nanomolar concentrations, drug-resistant mutants carrying either single (K103N and Y181C) or double (K103N-Y181C and L100I-K103N) amino acid mutations (Table 3 ) [68] and showed limited cytotoxicity [90, 93] . Compound 4 retained a 50% effective concentration (EC 50 ) value of <100 nM against 97% of 1,081 clinically derived recombinant viruses that are resistant to at least one of the currently marketed NNRTIs [90] . The potential for HIV to develop resistance to 4 appears to be lower than for first-generation NNRTIs [89, 110] . Compound 4 demonstrated a synergistic interaction with AZT and additive interactions with other antiretroviral agents, including NNRTIs (1-3), NRTIs and PIs [90] . In clinical studies, treatment of patients harbouring NNRTIresistant HIV-1 variants with 4 (900 mg twice daily for 7 days) resulted in a median decrease in plasma HIV-1 RNA of -0.89 log 10 copies/ml [111] . The exceptional spectrum of activity of 4 might be correlated to its capability to adopt >1 active binding conformations to the HIV-1 RT [103, 104, 112 ]. 
Rilpivirine
Rilpivirine (TMC278; 16) is a cyanovinyl analogue of DAPY TMC120. The binding conformation of 16 into the NNBS was modelled from the crystallographic structure of the RT/TMC120 complex ( Figure 8 ). The potent activity of 16 against HIV-1 WT and mutant strains might be correlated to the binding interaction between the 4-cyanovinyl arm at wing I and the indole ring of Trp229. Moreover, the superior torsional capability of 16 with respect to earlier DAPY analogues allow stronger and stable interactions of the molecule into the mutated NNBS of the RT [93, 113] . As for compound 4, the flexible structure of 16 allows torsional changes, reorientation and repositioning into the NNBS of the RT ( Figure 6 ) [106] .
Compound 16 was more active than 1, 3 and 4 (approximately 10-20×) against HIV-1 WT and drugresistant HIV-1 mutants carrying single and double mutations (Table 4 ). Compound 16 inhibited 81% of 1,200 clinical isolates at EC 50 <1 nM and showed low cytotoxicity [113] [114] [115] [116] . Viral breakthrough was not observed with 16 at 1 µM during 30 days of treatment. By contrast, 3 showed viral breakthrough after 6 days of treatment. Per os administration of 16 in PEG 400 led to half-lives ranging from 2.8 h in rat and 39 h in dog, and bioavailability was 32% and 31% in rat and dog, respectively. As for other DAPY analogues, plasma protein binding was high [91] : >99% of 16 binds to human plasma proteins in a concentration-independent manner [113] .
Attempts to obtain the structure of an HIV-1 RT/16 complex have failed [93, 117] (the best crystals diffracted X-rays to only 6.0 Å resolution) [118] as a consequence of the high molecular flexibility. A mutant form of RT obtained through a systematic protein engineering approach yielded better diffracting crystals of the RT/16 complex. The structure resolved to 1.8 Å clearly defined position and conformation of 16 into the crystallographic complex. Compound 16 showed the typical 'horseshoe' binding conformation with the three aromatic rings connected through two amino bridges and the characteristic E-cyanovinyl group [93, 118] . Compound 16 formed an H-bond between the N-H bridge and the carbonyl of Lys101, and another water-mediated H-bond with the main carbonyl group of Glu138 of the p51 subunit. The 4-(E-cyanovinyl)-2,6-dimethylphenyl group was positioned into a hydrophobic pocket, formed by Tyr181, Phe227, Trp229 and Leu234 amino acid side chains, in a cylindrical tunnel connecting the NNRTI-binding pocket to the nucleic-acid-binding cleft that resembles a 'pistonand-ring' structure ( Figure 9 ). Although determined differently, the torsion angles of the rotatable bonds τ1-τ4 of 16 had values similar to those of the RT-bound TMC120. In the RT-bound conformation, the E-cyanovinyl group was rotated 50° with respect to the dimethylphenyl ring.
In comparing the WT RT-bound 16 conformation with the K103N/Y181C RT/16 structure, no significant conformational changes were observed. The number of distances <4.5 Å between pairs of atoms in the two complexes was almost identical. The interaction of the 2,6-dimethylphenyl ring with the aromatic side chain of Tyr181 is broken. Tyr183 was shifted by approximately 1.5 Å toward the NNBS, thus allowing 16 to form a binding interaction with the E-cyanovinyl group, which might compensate for the interactions broken by the Y181C mutation. The interaction of 16 with Asn103 was conserved in the double mutation ( Figure 10A ). In the L100I/K103N mutation, significant conformational and positional rearrangements of 16 with respect to the WT RT complex were not observed. Compound 16 shifted from Ile100 towards Asn103 because of the steric hindrance of the L100I mutation. The torsion angles τ1-τ5 were rotated with respect to the WT complex and, in contrast to the complexes with the WT and K103N/Y181C RTs, the E-cyanovinyl group was coplanar ( Figure 10B ) [118] .
Two-dimensional infrared spectroscopy experiments indicated that the two arms of 16 sensed quite different environments within the hydrophobic pocket. The vibrational relaxation of the two arms were almost equal at 3 ps from model studies. The slow spectral diffusion of the cyanovinyl arm was attributed to its interaction with the backbone and side chains in the hydrophobic tunnel [119] .
Compound 16 proved to potently inhibit single (K103N and Y181C) and double (K103N-Y181C) drug-resistant mutant HIV-1 RTs with IC 50 values in the subnanomolar range of concentration, as reported in Table 5 [120] .
One or both methyl groups of 16 were succesfully replaced by either a chlorine atom or a methoxy group. Two new compounds, 30 and 31, demonstrated excellent antiretroviral activity against a panel of clinically relevant NNRTI drug-resistant mutant strains and presented interesting pharmacokinetic characteristics in dogs ( Figure 11 ) [121] .
RDEA-806
A large scale library screening of 87,000 compounds using a cell-based assay led to the discovery of 0387902 (32), a triazole compound endowed with moderate activity against HIV-1 WT and the K103N-Y181C mutant strain [122] . Ardea Biosciences, Inc., synthesized >1,000 analogues of 32 in an effort to optimize potency against HIV-1 WT and the most prevalent mutant viruses after NNRTI treatment failure (K103N, Y181C, K103NY181C and K103N-L100I) and pharmacokinetic properties.
The structure of 33 cocrystallized with the HIV-1 WT RT showed the presence of interactions between the 1-(4-methylphenyl) group and Tyr181, Tyr188 and Trp229, and interactions between the extended chlorophenyl group and Pro236, Phe227 and Val106. Analysis of the binding interactions led to the design of 19 in three ways: by enlarging the substituent at position 4 of the 1-phenyl group to improve the interaction with Trp229, by replacing the 1-phenyl ring with a naphthalen-1-yl moiety to occupy the space between Tyr181 and Tyr188 and by introducing a chemical group at position 4 of the 2-chlorophenyl group, which might favour the interactions with water molecules (Figure 12 ) [122] . Compound 19 is the potassium salt of the corresponding benzoic acid derivative, which can be easily synthesized in six steps from two starting materials [122] . The 50% inhibitory concentration (IC 50 ) of 19 against the purified WT RT enzyme is 3.1 nM. In a cell-based assay, 19 inhibited WT, K103N and L100I-K103N to IC 50 values of 3.0 nM, 1.4 nM and 1.0 nM, respectively. Compound 19 is a novel second-generation NNRTI, with the potential to be used in both treatment-experienced and treatmentnaive patients, including those harbouring the K103N mutation. Compound 19 showed high genetic barrier to resistance and a broad spectrum of activity [123] . In preclinical through to Phase II studies, 19 was highly effective against mutant HIV-1 strains resistant to 3, exhibited reduced clinical adverse reactions and serum half-life for once-daily dosing. When used in combination with currently used anti-HIV-1 drugs, 19 showed limited drug interactions [124] ( Figure 13 ).
UK-453061
UK-453,061 (lersiviride; 20) was selected as an HIV NNRTI drug candidate at Pfizer Laboratories [123] because of low clearance (Cl unbound <8 ml/min/kg) and reduced octanol-water distribution coefficient (logD=1.8), which might lead to a reduction of drug metabolism [125] .
An HIV-1 RT/20 cocrystal structure revealed that inside the NNBS, the inhibitor formed interactions with residues Leu100, Val106, Tyr181, Tyr188, Phe227, Trp229, Tyr318, Leu234 and Pro236 of the p66 subunit. Compound 20 seemed to bind either HIV-1 WT RT or the RT carrying the single K103N mutation in a very similar way ( Figure 14A ). In comparing these two binding modes with cocrystal HIV-1 RT complexed with compound 1, the Tyr181 residue appeared to be rotated approximately 100° around χ1 (that is, flipped 'down'). Such a conformational change of Tyr181 ('tyrosine flip') led to the formation of a new hydrophobic interaction with the cyclopropyl group, which was thought to be responsible for the 10-fold increase in potency ( Figure 14B and 14C) . The excellent antiviral profile of 20 against HIV-1 NNRTI resistance mutants was correlated to the flexibility of this tyrosine subpocket and the H-bonds and lipophilic contacts formed within it [125] . The evaluation of the enzymatic inhibiton by the RT assay shows that the K103N mutation did not markedly affect the antiviral potency of 20 (HIV-1 WT RT IC 50 =118 nM and HIV-1 mutant K103N RT IC 50 =215 nM). Against 15 of 18 single and double amino acid mutant HIV-1 RTs, 20 almost retained WT potency showing <10-fold increase in IC 50 values. The biological evaluation on infected cellular lines show that compound 20 inhibited 14 of 18 HIV-1 NL4-3 strain viruses harbouring mutations associated with resistance to commercially available NNRTIs (inhibition data against some representative mutant HIV-1 strains are shown in Table 6 
BIRL 355 BS
Extensive structure-activity relationship studies by Boehringer Ingelheim on the dipyridodiazepinone scaffold of 1 led to the discovey of a new HIV-1 NNRTI class endowed with potent antiviral activity against clinically relevant HIV-1 NNRTI-resistant strains and acceptable biopharmaceutical properties. Among the new derivatives, BIRL 355 BS (21) was selected for an advanced development ( Figure 15A ) [126] [127] [128] . Compound 21 displayed potent anti-HIV-1 activity against HIV-1 isolates that are resistant to the currently used NNRTIs ( Table 7 and Table 8 ) [127, 129, 130] .
Following a single dose of oral solution, the mean half-life was 2-4 h, with peak concentrations occurring at 30-60 min post-administration. The mean apparent clearance ranged from 79.2 to 246 l/h for administered doses of 12.5-100 mg [129] .
X-ray crystallography studies at 2.7-2.1 Å resolution provided detailed information of the inhibitor binding modes. Molecular modelling studies have shown that the tricyclic core of 21 was able to bind into the NNBS of the RT in similar manner to 1; however, the heterocyclic moiety at position 8 in 21 improves the ability to form favourable binding interactions with the NNBS of the mutated RTs. In particular, the new binding interactions provided by the heterocyclic moiety at position 8 (including Pro236 and Lys103 backbone) allowed 21 to retain its antiviral potency despite disruption of interactions with the aromatic ring of Tyr181. Structure models strongly supported the hypothesis that the entrance to the NNRTI NNBS is located near the Pro236 and Val106 of the p66 subunit ( Figure 15B ) [131] .
IDX 899
IDX 899 (23) is a new HIV-1 NNRTI initially developed by Idenix Pharmaceuticals Laboratories by bioisosteric replacement of the 3-sulfonyl bridging group of IAS NNRTIs (that is, 18) [73] [74] [75] [76] [77] [78] [79] [80] with a phosphinic acid methyl ester group ( Figure 16A) . The 3′-Z-cyanovinyl moiety was introduced in order to achieve a broad spectrum of activity against HIV-1 NNRTI-resistant mutants, as it did for 16 [93, 113] . In 2009, Idenix Pharmaceuticals Laboratories signed a license agreement granting GlaxoSmithKline exclusive worldwide rights to 23. Compound 23 is a drug candidate endowed with potent in vitro antiretroviral activity and a barrier to resistance that is superior to 3 [132] . Breakthrough studies in MT-2 cells demonstrated slower development of resistance to 23 (45 days) than to 3 (17 days) and resistance mutations selected with 23 differed from those selected with 3 [132] . Table 9 shows the in vitro anti-HIV activity of enantiomerically pure (S)-3-phosphoindoles 23 and 35 against a panel of mutant HIV-1 RT enzymes. Compound 23 inhibited HIV-1 WT RT (subtype B; BH10 strain) at an IC 50 value of 0.34 µM and the K103N-Y181C mutant strain at an IC 50 value of 1.61 µM; compound 35 IC 50 values ranged from 0.37 µM (WT RT) to 1.41 µM (K103N-Y181C RT).
In MT-4 cells, compounds 23 and 35 inhibited HIV-1 (subtype B; BH10 strain) reproduction with EC 50 values in the nanomolar range ( Table 10 ). The selectivity index (SI; calculated by the 50% cytotoxic concentration/EC 50 ratio) values determined in MT-4 cells for compounds 23 and 35 were >18,000 and >22,000, respectively [133] .
The binding mode of IAS derivatives was investigated by docking studies into the HIV-1 NNBS of 14 RTs, using compound L-737,126 (18a) as a reference compound [134] . The only uncertainty was caused by the 2-carboxyamide function: the amide carbonyl was either in a cis position with respect to the indole NH or rotated by 180°. The other chemical features of 18a shared a common binding mode, namely the indole NH made an H-bond with Lys101 carbonyl, the phenyl ring of the benzenesulfonyl moiety occupied a hydrophobic aromatic-rich pocket formed mainly by the side chains of Tyr181, Tyr188, Phe227 and Trp229, the solfonyl group fitted in a little hydrophobic pocket formed by Val106, Lys103 (only αand β-CH 2 ) and Val179, and the 5-chlorine atom established favourable contacts with Pro236 ( Figure 16B ). Docking and cross-docking studies showed that the double K103N-Y181C mutation led to two different docked conformations with respect to those observed for the single Y181C or K103N mutation. The binding mode of 36 into the K103N-Y181C RT was similar to 18a into the WT RT. By contrast, derivative 37 showed different binding interactions ( Figure 16C ). According to previous findings [135] , IAS 36 was superior to 37 as a K103N-Y181C RT inhibitor.
In comparing the cocrystal structure of 23 with the docked conformation of 36 into the HIV-1 K103N-Y181C RT, similar binding interactions are visible and both inhibitors clearly adopt a 'butterfly-like' active conformation [132, 136] (Figure 16D and 16E, respectively).
MK-4965
Merck Research Laboratories discovered indazole 38, a potent antiviral agent against HIV-1 WT and clinically relevant mutant strains, but one that is endowed with low solubility and low oral bioavailability [137] . Crystallographic studies suggested replacement of the phenyl ring of indazole with a pyridine ring and the introduction of a number of polar substituents, with the goal to improve solubility and oral bioavailability while retaining the desirable overall biological profile of the parent compound ( Figure 17 ) [138] .
The 7-aza analogue 39 was a potent inhibitor of HIV-1 WT and a panel of clinically relevant mutant viruses (Table 11) , and showed promising pharmacokinetics after both intravenous and oral dosing in several species; however, further in vivo studies showed that 39 was orally bioavailable only when dosed as a solution. By adding an amino group in the 6 position of the pyridine ring, further improvement of the basicity (and then solubility) was reached while maintaining Table 9 . Activity of 23 and 35 against selected HIV type-1 reverse transcriptases carrying single and double amino acid mutations Data from [133] . Data are shown as mean (±sd). IC 50 , 50% inhibitory concentration; WT, wild type. showed antiviral activity similar to that of the parent compound 39 and was much more soluble than 39, especially at an acidic pH. The WT RT/15 cocrystal structure showed all binding interactions into the NNBS previously described in this class of NNRTIs. The binding mode into the Y181C RT was not affected by the mutation, as the inhibitor did not form any direct binding interaction with Tyr181. The cocrystal structures showed similar binding modes and only small differences in the central aryl ether conformation and slight movements of the compounds relative positions in the site were observed. The results obtained by the Merck team were in agreement with the 'flexibility' hypothesis previously reported for DAPY derivatives [93] ; however, in this case, the differences in binding modes between the WT and mutant enzymes were more subtle [138] . Crucial features of the binding mode of 15 into the NNBS were its ability to form direct interactions with the Lys103 backbone and to avoid direct interaction with Tyr181 ( Figure 18 ).
HBY 097
HBY 097 (24) was developed by Hoechst-Roussel in collaboration with Bayer from compound S-2720, a quinoxaline NNRTI that showed favourable property of an improved resistance profile against G1903E mutant HIV-1 RT in vitro [139, 140] . Compound 24 inhibited HIV-1 WT replication with an IC 50 value of 6 nM (with no activity against the HIV type-2 strain) and showed a potent anti-HIV-1 activity against a panel of 41 clinical isolates with IC 50 and IC 90 values in the nanomolar range of concentration. Compound 24 also showed favourable bioavailability and reduced cytotoxic concentration with an SI of 10 4 [141] . Assuming that any NNRTI is associated with specific HIV-1 drug-resistant mutations, 24 selected the unusual RT mutation G190E along with the mutations L74V/I and V75L/I, which are ordinarily associated with NRTI-based therapy. Interestingly, the G190E mutation causes reduction of the RT activity and the rate of HIV proliferation, whereas either Leu74-Gly190 or Val75-Gly190 double mutations partially restore the enzymatic activity. Binding mode inspection by means of the crystal structure (entry code 1BQM; resolution 3.10 Å) showed significant differences from the 'butterfly-like' model, which might account for the peculiar drug resistance profile [141] . In particular, it is possible to note that 24 adopts a pseudo V-shaped arrangement into the NNBS of the RT. The aromatic region of the quinoxaline nucleus lies in the butterfly wing I zone together with the methoxy group and thus form hydrophobic interactions with Leu100, Tyr318 and Phe227. Two hydrogen bonds are formed between the N2 and Lys101 backbone oxygen and the compound 24 sulfur (S1) and Lys101 backbone nitrogen. Wing II of the model is represented by the iso-propoxycarbonyl moiety, which forms hydrophobic interactions with Figure 18 . Binding mode of compound 5 in wild-type and mutated RT Superposition of the X-ray crystallographic structures of 15 bound to the HIV type-1 wild-type reverse transcriptase (RT; green) and to the Y181C RT (cyan).
Leu100, Tyr181, Tyr188 and Trp229 (similarly to 1, no aromatic contacts are detectable; Figure 19A ). Analysis of the crystal structures of 24 complexed with either Y188L (entry code 1BQN; resolution 3.30 Å [141]) or K103N mutated RTs (entry code 1HQU; resolution 2.8 Å [142] ) showed that these mutations did not affect the binding mode ( Figure 19B ). The 100-fold reduction activity against the Y188L (IC 50 =0.6 µM) mutation with respect to the WT RT might be correlated with the loss of interaction with Y188; all the other binding interactions described for the WT RT are retained. The flexibility of both isopropoxycarbonyl and methylthiomethylene moieties might contribute to improve the performance against the Y188L mutation.
Conclusions
Second-generation NNRTIs currently under development are potent inhibitors of HIV-1 WT and the most clinically relevant HIV-1 mutant strains, and show inhibitory activities in the nano-or subnanomolar of concentration range. Although all compounds are endowed with potent and (more or less) similar antiretroviral potency, they do not share a common binding mode to the NNBS of the RT. In the past five years, NNRTIs based on the 'butterfly-like' model seemed obsolete with respect to the newer 'horseshoe-like' inhibitors; however, new drug candidates renewed the interest for the 'butterfly-like' active conformation. In addition, a new concept of binding interaction with the HIV-1 drug-resistant mutant strains emerged: the 'flexibility hypothesis'. According to this idea, a powerful inhibition of the mutant variants of the HIV-1 should be correlated to the ability of the molecule to adopt variable binding conformations, which would be not affected by the interchanges of the amino acid residues into the NNBS of the mutant RT. These findings support the opinion that a newer era for the HIV-1 NNRTIs has just begun. Future NNRTIs should be capable to adopt multi-binding conformations for a powerful inhibition of HIV-1 WT and the most relevant drug-resistant mutant strains.
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